Changes in gene regulation are thought to play an important role in speciation and adaptation, especially in primates. However, we still know relatively little about the mechanisms underlying regulatory evolution. In particular, the extent to which epigenetic modifications underlie gene expression differences between primates is not yet known. Our study focuses on an epigenetic histone modification, H3K4me3, which is thought to promote transcription. To investigate the contribution of H3K4me3 to regulatory differences between species, we collected gene expression data and identified H3K4me3-associated genomic regions in lymphoblastoid cell lines (LCLs) from humans, chimpanzees, and rhesus macaques, using three cell lines from each species. We found strong evidence for conservation of H3K4me3 localization in primates. Moreover, regardless of species, H3K4me3 is consistently enriched near annotated transcription start sites (TSS), and highly expressed genes are more likely than lowly expressed genes to have the histone modification near their TSS. Interestingly, we observed an enrichment of interspecies differences in H3K4me3 at the TSS of genes that are differentially expressed between species. We estimate that as much as 7% of gene expression differences between the LCLs of humans, chimpanzees, and rhesus macaques may be explained, at least in part, by changes in the status of H3K4me3 histone modifications. Our results suggest a modest, yet important role for epigenetic changes in gene expression differences between primates.
C OMPARATIVE studies of gene expression have
identified a large number of differentially expressed genes among primate species (Enard et al. 2002; Cáceres et al. 2003; Karaman et al. 2003; Khaitovich et al. 2004 Khaitovich et al. , 2005 Gilad et al. 2006; Blekhman et al. 2008 Blekhman et al. , 2009 Blekhman et al. , 2010 Babbitt et al. 2010a) . In a number of cases, these studies also pointed to possible connections between interspecies differences in gene regulation and differences in ultimate physiological or morphological phenotypes (Rockman et al. 2005; Loisel et al. 2006; Pollard et al. 2006; Prabhakar et al. 2008; Warner et al. 2009; Babbitt et al. 2010b ). However, we still know little about the relative importance of different regulatory mechanisms to interspecies differences in gene expression levels (Chabot et al. 2007; Blekhman et al. 2009 ). In particular, little is known about the relative contribution of changes in epigenetic modifications to regulatory variation in primates.
Comparative studies of one class of epigenetic marker, DNA methylation, suggest that interprimate differences in epigenetic modifications may be abundant. For example, Gama-Sosa et al. (1983) found that relative global methylation levels across tissues generally differ between human and three other primate species (with the exception of hypermethylation in the brain and the thymus, which was observed in all studied species). Focusing on individual loci, Enard et al. (2004) compared methylation profiles of 36 genes in livers, brains, and lymphocytes from humans and chimpanzees and found significant interspecies methylation level differences in 22 of the 36 genes, in at least one tissue.
A somewhat different picture may be emerging from comparative studies of a different class of epigenetic markers, histone modifications; however, to our knowledge, no comparisons of histone modifications in primates have yet been published. An early comparative study of 15 genomic regions associated with histone acetylation in humans found evidence for conservation of the histone acetylation status of 10 of the orthologous regions in mouse ). On a larger scale, characterization of several types of histone modificaSupporting information is available online at http://www.genetics.org/ cgi/content/full/genetics.110.126177/DC1.
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The RNAseq and ChIPseq data are available at the Gene Expression Omnibus (GEO) database (http:/ /www.ncbi.nlm.nih.gov/geo/) under series accession no. GSE24111. 1 tions on human chromosomes 21 and 22, and the syntenic chromosomes in mouse, indicated that the genomic locations of these epigenetic markers at orthologous loci are generally strongly conserved, even in the absence of sequence conservation (Bernstein et al. 2005; Wilson et al. 2008) . Interestingly, the conservation of histone modification patterns was highest in genomic regions proximal to annotated orthologous genes.
With few exceptions, however (e.g., with respect to DNA methylation; Farcas et al. 2009 ), comparative studies in primates have not explored the extent to which epigenetic differences between species underlie interspecies differences in gene regulation. To take first steps toward this goal, we compared gene expression levels and histone modification data in samples from humans and two of our closest extant evolutionary relatives, chimpanzees (Pan troglodytes) and rhesus macaques (Macaca mulatta).
To facilitate inferences of causality in our data, we chose to focus on the trimethylation of lysine 4 of histone H3 (H3K4me3), because its role in gene regulation is relatively well understood. Specifically, the observation that RNA polymerase II (polII) colocalizes with genomic regions characterized by H3K4me3 led to the hypothesis that polII is one of the factors that help recruit the methyltransferases that establish H3K4me3 marks (Gerber and Shilatifard 2003; Hampsey and Reinberg 2003; Ng et al. 2003; Heintzman et al. 2007; Ruthenburg et al. 2007) . Once established, H3K4me3 facilitates the recruitment of the BPTF subunit of the nucleosome-remodeling factor (NURF), which promotes chromatin accessibility (Li et al. 2006; Wysocka et al. 2006; Ruthenburg et al. 2007) . Additionally, H3K4me3 blocks binding of the NuRD nucleosome-remodeling and deacetylase compressor complex, which decreases chromatin accessibility (Nishioka et al. 2002; Zegerman et al. 2002) . The H3K4me3 modifications, therefore, are thought to result in more accessible chromatin and to facilitate active transcription. General support for this mechanism comes from the observation that H3K4me3 is enriched near the transcription start sites (TSS) of active genes. Moreover, highly expressed genes are more likely than lowly expressed genes to be associated with H3K4me3 modifications (Santos-Rosa et al. 2002; Schneider et al. 2004; Schü beler et al. 2004; Pokholok et al. 2005; Karlic et al. 2010) .
In addition, several functional studies have found that disruption of the histone methyltransferases that catalyze H3K4me3 leads to a decrease in transcription levels. For example, Nislow et al. (1997) showed that knocking out the yeast SET1 gene, whose protein methylates H3K4, leads to lower gene expression levels of a subset of target genes. Similarly, Wang et al. (2009) demonstrated that disrupting the methyltransferase domain of Mll1 in mouse embryonic fibroblasts leads to decreased levels of H3K4me3 and concomitant lower expression levels of a large number of genes. Using a different system, Nishioka et al. (2002) showed that when the human methyltransferase SETD7 is recruited to reporter constructs, it specifically methylates H3K4 and promotes higher reporter gene expression levels.
Thus, a large body of work has established a causal link between H3K4me3 and gene regulation. In what follows, we use this link to query the proportion of genome-wide gene expression differences between closely related primate species that may be explained by corresponding differences in H3K4me3.
MATERIALS AND METHODS
Samples, study design, and cell culture: Three lymphoblastoid cell lines (LCLs) were used from each primate species: human, chimpanzee, and rhesus macaque. LCLs were obtained from Coriell (http:/ /www.coriell.org/), New Iberia Research Center (University of Louisiana at Lafayette), and New England Primate Research Center (NEPRC, Harvard Medical School) and were all derived from male individuals. Details on all samples can be found in Table S1 . Regardless of species, cells were maintained at identical conditions of 37°w ith 5% CO 2 in RPMI media with 15% FBS, supplemented with 2 mm l-glutamate, 100 IU/ml penicillin, and 100 mg/ml streptomycin.
Chromatin immunoprecipitation: To determine localization of H3K4me3, we used ChIPseq (see supporting information, File S1 for details on the ChIP protocol). Each ChIP sample, and a pooled input control from each species, was sequenced in one lane of an Illumina GAII flow cell. Sequenced reads were mapped to the human (hg18, March 2006), chimpanzee (panTro2, March 2006), or rhesus macaque (rheMac2, January 2006) genomes, as appropriate, using MAQ (Li et al. 2008 ) version 0.6.8. After excluding reads with a MAQ quality score ,10, we used MACS (Zhang et al. 2008 ) with a P-value cutoff of 0.0005 (Table S2) to identify peaks of H3K4me3-associated genomic regions and to estimate a false discovery rate (FDR) for each peak on the basis of the input sequence data from each species. In principle, at this point we could begin to compare H3K4me3 across individuals and species by investigating whether each modified site is observed in all, or in a subset, of the three species. However, a naïve comparison of the lists of genomic regions associated with H3K4me3 modifications across species ignores the fact that evidence for an H3K4me3 peak in one species provides information about the likelihood of an H3K4me3 peak in closely related species. To take this into account, we classified H3K4me3-associated genomic regions by using a two-step FDR cutoff.
Specifically, we first used a stringent FDR cutoff of 2% to classify H3K4me3 1 regions in each individual. Subsequently, these regions were mapped to the genomes of the other two species with the BLAST-like alignment tool (BLAT) to determine orthology (see File S1), and the FDR threshold for observing peaks at the orthologous sites in all other samples was relaxed to 5%. The choice of specific thresholds was based on the overall distribution of FDR values (see Figure S2) . A species was considered positive for H3K4me3 at a given genomic region if at least one individual from the species was positive for H3K4me3 at that region.
To analyze H3K4me3 marks in the context of TSS, a set of orthologous TSS positions in the three species was identified (see File S1 and Table S4 ). Ensembl ensGene TSS coordinates were downloaded for human (hg18) from Galaxy (http:/ / main.g2.bx.psu.edu/) and were mapped to the other two genomes (panTro2 and rheMac2) with both LiftOver (http:/ / hgdownload.cse.ucsc.edu/admin/exe/) and BLAT (http:/ / genome.ucsc.edu/), resulting in 35,232 unique TSS from 25,160 genes. TSS were considered H3K4me3 1 for a sample if a H3K4me3-associated region was present within 1 kb of the TSS, and a gene was considered H3K4me3 1 in a species if at least one of its TSS in at least one individual was classified H3K4me3
1
. RNA sequencing and analysis of differences in gene expression levels: RNA was extracted from each LCL sample using a Qiagen RNeasy mini kit. We confirmed high quality of the RNA using Agilent's 2100 Bioanalyzer (RIN $ 9.3 for all samples). Samples for RNA sequencing were prepared as previously described (Marioni et al. 2008) . Each sample was sequenced in one lane of an Illumina GAII flow cell, and reads were mapped to the human (hg18), chimpanzee (panTro2), or rhesus macaque (rheMac2) genomes, as appropriate, with MAQ (Li et al. 2008 ) version 0.6.8. We then mapped the reads to a set of previously annotated 150,107 orthologous exons from 20,689 genes in the three species (Blekhman et al. 2010) , excluding reads with MAQ mapping quality scores ,10. Estimates of gene expression levels were obtained by summing the number of reads mapping to all exons of a gene. Gene expression was analyzed with an approach similar to that used previously (Marioni et al. 2008; Blekhman et al. 2010 ) (see File S1 for more details).
Comparing expression profiles and H3K4me3-associated regions: Of the 14,526 genes with expression data and the 25,160 genes with orthologous TSS data, 12,559 genes overlapped (File S2). We estimated the proportion of genes whose interspecies differences in gene expression levels might be explained by corresponding differences in H3K4me3 presence at TSS, using various thresholds of statistical significance to classify genes as differentially expressed. We performed this analysis for gene expression differences across all ranges and by restricting our analysis to gene expression levels within and across the range in which H3K4me3 also varies. We also performed this analysis using subsampled ChIPseq data in which equal numbers of sequencing reads across samples were used to classify H3K4me3-associated regions in each sample.
We examined enrichment of GO annotations (The Gene Ontology Consortium (Ashburner et al. 2000) , via the Web tool GeneTrail (http:/ /genetrail.bioinf.uni-sb.de/) (Backes et al. 2007) ) for the genes whose interspecies differences in gene expression levels could potentially be explained by differences in H3K4me3, using differentially expressed genes between species with H3K4me3 presence in any species as a background. An FDR correction was applied to the resulting P-values (Table S5, Table S6, and Table S7 ).
RESULTS
To investigate the relationship between changes in H3K4me3 status and differences in gene expression levels between humans and nonhuman primates, we collected gene expression data and identified genomic regions associated with the H3K4me3 modification in lymphoblastoid cell lines (LCLs) from humans, chimpanzees, and rhesus macaques.
Genome-wide profiles of H3K4me3: We used chromatin immunoprecipitation followed by massively parallel sequencing (ChIPseq) to identify genomic regions associated with the H3K4me3 modification in LCLs from three individuals from each of the three species. Specifically, following ChIP with an antibody against H3K4me3, we sequenced enriched chromatin from each LCL with an Illumina Genome Analyzer II (GAII), using one lane of a flow cell per sample. As a control, we sequenced three pools of input chromatin, one from each species (see materials and methods, File S1, and Figure S1 for a description of sample processing, the ChIPseq protocol, and examples of positive control regions).
We obtained, on average, 17.8 m (6 0.7 m) reads per sequenced lane (Table S3) . We used MAQ (Li et al. 2008) to align the sequence reads to their respective reference genomes (human, hg18; chimpanzee, panTro2; or rhesus macaque, rheMac2), filtered reads on the basis of mapping quality (see materials and methods), and used MACS (Zhang et al. 2008) to identify, in each sample, genomic regions with peaks of aligned sequencing reads, which correspond to regions associated with the H3K4me3 modification. To facilitate a comparison of H3K4me3 across species, we identified the orthologous sequences of all H3K4me3-associated regions in the genomes of human, chimpanzee, and rhesus macaque (initially, without applying an FDR cutoff; see materials and methods and File S1).
To minimize the number of falsely identified interspecies differences, we applied two statistical cutoffs to classify genomic regions as associated with H3K4me3. Specifically, conditional on observing an H3K4me3-associated region with high confidence (namely, using a stringent cutoff) in one individual, we assumed that a H3K4me3 modification was more likely to occur in the same region in other individuals as well, and accordingly relaxed the statistical cutoff for the classification of such secondary observations (see materials and methods, File S1, and Figure S2 for more details). Essentially, we used information across samples to increase the power to detect H3K4me3 peaks in any sample. We then merged overlapping H3K4me3-associated genomic regions across individuals (regardless of species) to define boundaries for H3K4me3-associated metaregions. We performed this step to account for possible ambiguity in the classification of the exact boundaries of the peaks. For all subsequent analyses, we considered the H3K4me3-associated metaregions (which are referred to throughout as H3K4me3-associated regions). Using this approach, we classified 19,105 genomic regions as associated with H3K4me3 modification in at least one individual, with an average of 12,394 H3K4me3 peaks per individual, with relatively little variation across individuals or species (SEM ¼ 188; Table S3 ).
Overall, we found a high level of overlap in the localization of H3K4me3 across individuals. This property of the data is robust with respect to the specific statistical cutoffs used to classify H3K4me3-associated regions ( Figure S3 ). Of all the regions associated with H3K4me3 in any individual, 57.7% were associated with H3K4me3 in at least one individual from each of the three species ( Figure S4 ). As expected, we observed a higher overlap between individuals from the same species (77.7 6 0.4%) than between individuals from different species (65.5 6 0.6%). Moreover, consistent with the known phylogeny of the three species, the overlap in H3K4me3-associated regions is higher between human and chimpanzee individuals (69.5 6 0.3%) than between rhesus macaque and either human (63.9 6 0.4%) or chimpanzee individuals (63.2 6 0.3%). These properties of the data are robust with respect to a broad range of statistical cutoffs used to classify genomic regions as associated with H3K4me3 modification ( Figure S3 and Figure S4 ).
H3K4me3 near transcription start sites: We next investigated whether the previously established (SantosRosa et al. 2002; Schneider et al. 2004; Schü beler et al. 2004; Pokholok et al. 2005 ) enrichment of H3K4me3 near TSS is observed in our data. To do so, we identified a set of TSS most likely to be orthologous across the three species (see materials and methods). Indeed, we found that H3K4me3-associated regions are enriched near annotated TSS in all three species ( Figure  1 ). Our data also recapitulate the previously observed slight asymmetry in the distribution of H3K4me3 near TSS (e.g., Barski et al. 2007 ). On average, 61.2 6 1.5% of all H3K4me3 peaks were found within 1 kb of a TSS, regardless of species. The enrichment of H3K4me3 near TSS is also robust with respect to a wide range of statistical cutoffs ( Figure S5 ). The H3K4me3 modifications within 1 kb of TSS are more likely to be conserved across species than those that are farther from TSS ( Figure S3 ). These observations are consistent with a conserved role for H3K4me3 in mediating transcription initiation.
Our subsequent analyses focused on the subset of H3K4me3-associated regions that fall near TSS. Specifically, for each individual, we classified each TSS as either H3K4me3 1 or H3K4me3 À , on the basis of the presence of H3K4me3 within 1 kb of the TSS. To further minimize falsely identified interspecies differences, we classified a TSS as H3K4me3 1 for the entire species whenever we detected H3K4me3 near the TSS in at least one individual.
We then proceeded to classify genes as H3K4me3 1 when at least one of their annotated TSS was H3K4me3 1 , on the basis of the criteria specified above. Using this approach, we classified 9026 of the 25,160 interrogated orthologous genes as H3K4me3 1 in all three species and 163, 209, and 339 genes as H3K4me3 1 only in humans, chimpanzees, or rhesus macaques, respectively (Figure 2) .
Relationship between variation in gene expression levels and H3K4me3: To study interspecies differences in H3K4me3 in the context of gene expression differences between species, we extracted and sequenced RNA from the same nine cell lines, using one lane of a GAII flow cell for each sample (see materials and methods and File S1 for a detailed description of sample processing and quality control analysis). We 1 genes for each species is shown in parentheses; the number of total genes examined is 25,160. The same pattern was observed when equal (subsampled) numbers of ChIPseq reads from each individual were used for the analysis ( Figure S6 ).
focused on sequence reads that mapped to a previously annotated set of 150,107 orthologous exons (from 20,689 genes) in the three species (Blekhman et al. 2010) . At these orthologous exons, overall patterns of interspecies variation in gene expression levels recapitulated the known phylogeny of the three species ( Figure S7 ).
To identify genes whose expression levels differ between species, we analyzed the RNA sequencing data by using a Poisson mixed model including a fixed effect for each species and a random effect to account for variation between individuals from the same species (see File S1 for more details). Using this approach, we classified 2199, 5420, and 5702 genes as differentially expressed between humans and chimpanzees, humans and rhesus macaques, and chimpanzees and rhesus macaques, respectively, at an FDR of 5%.
As observed previously (Santos-Rosa et al. 2002; Schneider et al. 2004; Schü beler et al. 2004; Pokholok et al. 2005) , highly expressed genes are more likely to have the H3K4me3 modification at their TSS. This pattern was particularly striking across the distribution of moderately expressed genes ( Figure 3A) . For highly and lowly expressed genes outside of this range, the proportion of H3K4me3 1 genes remains roughly constant.
We therefore examined the relationship between H3K4me3 and differences in gene expression levels between species, focusing specifically on the range of expression levels that were correlated with H3K4me3 presence at the TSS. Within and across this range, genes detected as differentially expressed between species were more likely to be classified as H3K4me3 1 in the species in which the gene was expressed at a higher level, and as H3K4me3 À in the species in which the gene was expressed at a lower level (Figures 3, B-D ; see Figure  4 for examples). This pattern provides strong evidence for a mechanism that relates interspecies differences in H3K4me3 status to differences in gene expression levels between species. Indeed, overall (across all expression ranges), genes whose expression levels, as well as their H3K4me3 status, differ across species were three to five times more likely to be classified as H3K4me3 1 in the species in which the gene was expressed at a higher level (sign test P , 10 À14 ; Figure 5A and Figure S9 ). We explored the extent to which interspecies differences in gene expression levels might be explained, at least in part, by corresponding differences in H3K4me3 presence at the TSS. Because the results of such an analysis would differ on the basis of the choice of statistical cutoffs for the classification of genes as differentially expressed, we used a range of cutoffs. Importantly, more stringent statistical cutoffs resulted in higher estimates of the proportion of interspecies gene expression differences that can potentially be explained by differences in H3K4me3 status between the species ( Figure 5B) . Similarly, higher fold expression level differences across species were also associated with a higher proportion of differences in H3K4me3 status ( Figure S9 ). If we conservatively interpret the 1 genes is plotted for sliding windows (n ¼ 500) of genes ordered by increasing expression levels in human (blue), chimpanzee (red), and rhesus macaque (green). Expression level (x-axis) is plotted as reads per kilobase of mappable exon, per million mapped reads (RPKM). Dotted lines bracket the range of expression values for which H3K4me3 levels also varied. (B-D) The proportion of genes that are H3K4me3 1 in one species but H3K4me3 À in the other is plotted for sliding windows (n ¼ 1000) of genes ranked by the difference in expression levels between (B) human and chimpanzee, (C) human and rhesus macaque, or (D) chimpanzee and rhesus macaque. For example, in B, data points in blue correspond to the proportion of genes that are H3K4me3 1 in human but H3K4me3 À in chimpanzee, among the 1000 genes in a given window. Similar patterns were observed when equal (subsampled) numbers of ChIPseq reads from each individual were used for the analysis ( Figure S8 ).
overall genome-wide level of pairwise interspecies differences in H3K4me3 status as background (with no functional significance), we estimate that for a range of typically used FDR cutoffs (1-10%), interspecies differences in H3K4me3 presence at TSS could explain as little as 2.4% (205/2978 at FDR ¼ 10%, with a background correction of 4.5%; Figure 5B ) and as much as 6.8% (62/549 at FDR ¼ 1%, with the same We plotted the proportion of genes that are positive for H3K4me3 in one species and negative in another, which also were classified as differentially expressed in either the expected (dark bars) or unexpected (light bars) direction (at FDR # 5%). (B) For each pairwise species comparison, we plotted the proportion of differentially expressed genes that show interspecies differences in H3K4me3 status in the expected direction (y-axis), over a range of FDR cutoffs used for classifying genes as differentially expressed between the species (x-axis). The dotted lines correspond to the overall (genome-wide) proportion of genes that show differences in H3K4me3 status in the expected direction, between human and chimpanzee (blue), between human and rhesus macaque (black), and between chimpanzee and rhesus macaque (green). In both panels, we refer to each species as ''H'' (human) ''C'' (chimpanzee), or ''R'' (rhesus macaque). Similar patterns were observed when equal (subsampled) numbers of ChIPseq reads from each individual were used for the analysis ( Figure S9 ). background correction) of gene expression differences between human and chimpanzee. Similarly, we estimate that interspecies differences in H3K4me3 could explain from 1.8% (411/5403 with a background correction of 5.8%) to 3.8% (251/2616) of gene expression differences between human and rhesus macaque, and from 1.4% (402/6004 with a background correction of 5.3%) to 3.0% (243/2933) of gene expression differences between chimpanzee and rhesus macaque ( Figure 5B and see Figure S9 for a similar analysis using only genes whose expression levels fall within or across the range where H3K4me3 also varies).
We further classified differences in H3K4me3 status between humans and chimpanzees as ancestral or derived in each lineage, on the basis of the assumption that the H3K4me3 status of rhesus macaques represents the ancestral state. Interestingly, we found that when differences in gene expression levels between humans and chimpanzees could be explained by corresponding interspecies differences in H3K4me3 status, we could often predict, on the basis of the ancestral H3K4me3 status, the relative gene expression levels in rhesus macaques (for example, in 121/ 146 or 83% of cases, when interspecies gene expression differences were classified at FDR , 0.05; sign test P , 10 À15 ). Analysis of functional enrichments: We examined the functional annotations (based on Gene Ontology; Ashburner et al. 2000) of the genes whose interspecies differences in gene expression levels could potentially be explained by differences in H3K4me3 status (compared to a background of differentially expressed genes between species, which are associated with H3K4me3 in any of the species). Among notable observations (see Table S5 , Table S6, and Table S7 for complete lists of results), we found enrichments of genes involved in developmental processes (FDR , 10 À4 ) and genes related to the plasma membrane (FDR , 10 À6 ), among genes that were differentially expressed, possibly due to changes in H3K4me3 status, in all three pairwise species comparisons. Among genes whose regulation is inferred to be affected by interspecies changes in H3K4me3 we also found a significant enrichment of genes encoding for proteins with receptor activity (FDR , 0.002) and system development (FDR , 10 À3 ). These results were consistent regardless of the species pairwise comparisons we made, indicating that common biological functions may be regulated by changes to epigenetic mechanism in primates. These observations are interesting in light of the established role of epigenetic markers in development in general (Kouzarides 2007) and specifically in B cell development (Busslinger 2004) , and the importance of lymphocyte membranebound receptors in immune function (Alberts et al. 2002) , a phenotype on which there has been strong selective pressures in primates (Barreiro and QuintanaMurci 2010) . DISCUSSION Comparative studies of regulatory mechanisms in primates are challenging because of the practical and ethical constraints on genetic experimentation in apes and because of the limited availability of tissue samples (especially from chimpanzees). The difficulty in obtaining primate tissue samples often renders comparative studies somewhat difficult to interpret, for example because the cellular composition cannot be controlled across samples from different species (Blekhman et al. 2008 (Blekhman et al. , 2009 ). Here, we chose to work with LCLs, an abundant source of material, which allows us to work on the same cell type in all three primate species.
The usefulness of LCLs for studies of gene regulatory mechanisms has been strongly established. Indeed, nearly all genome-wide surveys of functional regulatory variation in humans have been conducted in LCLs. Cell lines offer convenience and replicability and are often the only resource available for functional studies in humans and nonhuman apes. However, while convenient, work with LCLs is often criticized because the Epstein-Barr virus transformation is associated with a number of specific artifacts. For example, cell lines often carry chromosomal abnormalities (Redon et al. 2006) , have certain altered patterns of gene expression and DNA methylation (Hannula et al. 2001; Carter et al. 2002) , and may have batch effects related to preparation and/or growth rates (Akey et al. 2007; Choy et al. 2008) , which could be more pronounced for LCLs from different species.
Reassuringly, recent observations indicate that functional studies in cell lines uncover a substantial amount of genetic variation that affects gene expression levels in primary tissues. Studies in LCLs have resulted in numerous important insights into mechanisms of gene regulation (Monks et al. 2004; Morley et al. 2004; Cheung et al. 2005; Stranger et al. 2005 Stranger et al. , 2007 Dixon et al. 2007; Frazer et al. 2007; Moffatt et al. 2007; Veyrieras et al. 2008; Ge et al. 2009 ). In addition, regulatory architecture found in LCLs is often replicated in primary tissues (Bullaughey et al. 2009; Dimas et al. 2009; Verlaan et al. 2009; Zeller et al. 2010) , with the most recent study estimating that $70% of cis expression quantitative trait loci (eQTL) identified in LCLs can be replicated in primary skin tissue (Ding et al. 2010) .
With respect to comparative studies in primates, Khaitovich et al. (2006) have shown that patterns of interspecies gene expression differences across LCLs and primary tissues are similar. Specifically, they classified (at P , 0.001) similar numbers of transcripts as differentially expressed between human and chimpanzee in LCLs (1369), heart (1094), and brain (1403). Moreover, the overlap in interspecies differentially expressed transcripts between LCLs and each of the investigated primary tissues (6-15%) was similar to the observed overlap across primary tissues (5-19%). Thus, while LCLs are not a perfect model for comparative studies of gene regulatory mechanisms, on balance, cell lines are a useful system (and at times, the only available system) for such studies.
Interspecies differences in H3K4me3: In our comparative study of primate LCLs, we found an enrichment of H3K4me3 near TSS in all three species, consistent with previous observations in more distantly related species, e.g., in mouse (Bernstein et al. 2005) , chicken (Schneider et al. 2004 ), Drosophila (Schü beler et al. 2004 , Arabidopsis (Zhang et al. 2009), and yeast (Santos-Rosa et al. 2002; Pokholok et al. 2005) . This remarkably conserved pattern strongly implies that the functional mechanism by which H3K4me3 relates to gene regulation (Li et al. 2006; Wysocka et al. 2006 ) is shared across species. We further observed that the relationship between H3K4me3 and gene expression is strongest for moderate expression levels. This property of the data suggests that H3K4me3 may play an important role in promoting transcription initiation to moderate levels, while other mechanisms (for example, binding of enhancer or repressor elements) are likely required to achieve finer regulation. Interestingly, consistent with previous reports (Bernstein et al. 2005; Wilson et al. 2008) , we found no correlation between interspecies differences in H3K4me3 status and sequence divergence at the corresponding genomic regions, either proximal or distal to TSS ( Figure S10 ).
Overall, we estimated that up to 7% (10% if we restrict our analysis to the informative expression level range, Figure S9 ) of interspecies differences in gene expression levels might be explained, at least in part, by differences in H3K4me3 status across species. We note that the inference of causality relies exclusively on the previously proposed mechanism by which H3K4me3 promotes accessible chromatin and facilitates active transcription (Nishioka et al. 2002; Li et al. 2006; Wysocka et al. 2006; Ruthenburg et al. 2007) .
That said, the notion that corresponding interspecies differences in H3K4me3 status and gene expression levels are causally related is supported by our data. Indeed, we observed that interspecies differences in H3K4me3 status can be used to predict gene expression differences between species more effectively than the converse ( Figure 5A and Figure S9 ). In addition, we found that lineage-specific gains or loses of H3K4me3 are associated with lineage-specific changes in gene expression levels much more often than expected by chance alone.
Robustness of the results with respect to the classification approach: We classified a gene as positive for H3K4me3 in each species when at least one individual of that species was positive for H3K4me3. This approach was motivated by the choice of a highly stringent criterion with which we classified genomic regions as associated with H3K4me3, as well as by the understanding that ChIPseq is inherently a low-power technique, such that false negatives (but not false positives) are expected to be frequent. Nevertheless, we are unable to exclude the possibility that the observed within-species variation in H3K4me3 modifications reflects polymorphisms rather than false negatives or positives. It is important, therefore, to ensure that our conclusions are robust with respect to the choice of how to classify a ''species'' trait.
To do so, we reanalyzed the data by (1) classifying a species' H3K4me3 status at each genomic region by a ''majority rule,'' and (2) by only considering H3K4me3-associated regions for which all three individuals within each species agree with respect to their H3K4me3 status.
The application of the first approach resulted in the exclusion of 3670 (19%) of the regions that were classified as H3K4me3 1 in the original analysis, suggesting that typically, sites were classified as H3K4me3 1 in more than one individual per species. Of the remaining 15,435 H3K4me3 1 regions, 59% were shared across all three species (compared with 58% in the original analysis; Figure S4 ). The percentage of genes with significant interspecies differences in expression levels (at FDR of 1-10%) that also shows corresponding differences in H3K4me3 status (in the expected direction) is slightly higher than that observed in the original analysis ( Figure S9 ; for comparisons between humans and chimpanzees, 3.1-7.3%; humans and rhesus macaques, 2.4-4.6%; and chimpanzees and rhesus macaques, 1.5-3.9%).
In turn, the application of the second approach resulted in the exclusions of more than half (56%) the regions that were classified as H3K4me3 1 in the original analysis. This is a very strict classification approach, which reflects the unlikely possibility that the false positive rates associated with our ChIPseq experiment are very high and the false negative rates extremely low. Naturally, since we exclude any region in which all three individuals of a species do not agree, the remaining H3K4me3-associated regions showed a higher overlap between species compared with the original analysis. Specifically, 8442 regions were classified as positive for H3K4me3 in all three individuals of any species, of which 81% were shared across all three species ( Figure S4) . Importantly, however, the percentage of genes with significant interspecies differences in expression levels that also show corresponding differences in H3K4me3 status is similar to that observed in the original analysis ( Figure S9 ; for comparisons between humans and chimpanzees, 1.6-4.6%; humans and rhesus macaques, 1.2-2.8%; and chimpanzees and rhesus macaques, 0.9-1.9%).
Our original analysis, therefore, is generally conservative with respect to the estimates of the proportion of interspecies gene expression differences that might be explained by corresponding differences in H3K4me3 between the species. More generally, our qualitative results are robust with respect to the specific choice on how to classify a gene as H3K4me3 1 positive in a given species.
SUMMARY
Our results suggest that changes in H3K4me3 likely contribute modestly to differences in gene expression levels between primates. We confirmed that these qualitative results of our comparative genomic study do not rely on specific arbitrary choices of statistical cutoffs ( Figure S3 , Figure S4 , Figure S5 , Figure S6 , Figure S8 , Figure S9 , and Figure S10 ). That said, it is reasonable to assume that we are somewhat underestimating the number of interspecies differences in H3K4me3 status, because we consistently chose approaches that will minimize falsely identified differences between species. In addition, it is important to note that while we can identify large interspecies differences in H3K4me3 status using our data (effectively, focusing on qualitative differences), we would need higher quality data (higher than most ChIPseq datasets to date) to infer more subtle quantitative differences.
Our study joins similar efforts (Odom et al. 2007; Wilson et al. 2008; McManus et al. 2010) in taking first steps toward understanding the basis for gene expression differences between species. By collecting comparative data on other regulatory mechanisms, as well as by extending our analysis to consider quantitative interspecies differences in dynamic regulatory interactions, we hope to ultimately develop a better understanding of the relative contributions of the different mechanisms to regulatory differences across primates.
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